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Abstract: The conservation of the endangered Leadbeater's Possum, Gymnobelideus leadbeateri, is one of the 
most contentious forestry issues in Australia. The challenge is to identify strategies to conserve the species in 
the significant portion of its range in the central highlands of  Victoria (southeastern Australia) where timber 
harvesting occurs. We used ALEX, a simulation program for population viability analysis, to explore the effec- 
tiveness of  potential forest management strategies to enhance the persistence of G. leadbeateri in areas of  
wood production. Our study focused on the relationship between the risk of metapopulation extinction and 
(1) the number and spatial arrangement of 50-ha logging areas that could be reserved from timber harvest- 
ing and (2) the impacts of post-fire salvage logging in reserved areas. We modeled complex patch structures 
within two forest blocks (Murrindindi and Steavenson) that were based on maps of  both existing patches of 
suitable habitat for  G. leadbeateri and the location of potential logging areas. We recorded high values for the 
probability of  extinction of  metapopulations of G. leadbeateri when existing strategies for  the conservation of 
the species within the Murrindindi and Steavenson Forest Blocks were modeled. Exclusion of salvage logging 
operations f rom burned, old,growth forests ignificantly improved the species" prospects of  survival in both 
the short and long term. Withdrawal of timber harvesting from some proposed logging coupes made a signif- 
icant, positive long-term contribution to metapopulation persistence. But there will be a delay of  at least 150 
years until areas set aside now make a significant contribution to metapopulation persistence. This is the 
time required for  existing stands of regrowth to develop old-growth characteristics that are an essential habi- 
tat component for  G. leadbeateK We examined the effectiveness of different designs for setting aside a total re- 
served area of  300 ha. These ranged from a single 300-ha reserve to 12, 25-ha reserves. Populations in smaller 
reserves were vulnerable to extinction from demographic stochasticity and environmental variability. Con- 
versely, a small number of larger reserves were susceptible to destruction in a single, catastrophic wildfire, 
highlighting the need for  several dispersed reserves. Analyses of the sensitivity of various management op- 
tions to variations in fire frequency and extent, movement capability, and a wide range of other factors indi- 
cated that the conservation strategy that gave the best relative outcome for G. leadbeateri was both to set aside 
several 50 to l O0-ha reserves in every forest block and to preclude post-fire salvage logging operations from 
these areas if they burned in a wildfire. 
Categorizaclon delas opciones para la conservaci6n y manejo maderero de Gymnobelideus leadbeateri en el sur- 
este de Australia, utilizando amilisis de viabilidad poblacional 
Resutnen: La conservaci6n de Gymnobelldeus leadbeateri, una especie n peligro, es uno de los problemas 
forestale$ m~s controvertidos en Australia. E1 desaflo consiste n identificar estrategtas para conservar la es- 
pecie dentro de una porci6n significativa de su t~rea de dtstribuci6n en las Tierras Altas Centrales de Victoria 
(xudeste de Australia), d6nde se Ueva a cabo la explotaci6n maderera. En el presente trabajo, utilizamos un 
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programa de simulaci6n del an~lisis de la viabilidad poblacional, conocido como "ALF~" para explorar la 
efectividad e las estrategias de manejo del bosque como potenctales destinadas a mejorar la persistencia de 
G. leadbeateri en las dreas de producci6n de madera. Nuestro estudio se concentr6 en ia relaci6n entre el 
riesgo de extinci6n de la metapoblaci6n y 1. el n~mero y ordenamiento espacial de dtreas de tala de 50 ha 
que podrian reservarse para la explotaci6n maderera y 2. el impacto de las talas, con fines de salvataje, pos- 
teriores a los incendios en dreas reservadas. Modelamos estructuras complejas de parches dentro de dos 
bloques de bosque (Murrindindi y Steavenson) que estuvieron basadas en mapas de los parches de hdbitat 
adecuado para G. leadbeateri existentes yen  la localizaci6n de dreas potenciales para la tala. Registramos va- 
lores muy altos para la probabilidad e extinci6n de las metapoblaciones de G. leadbeateri, cuando fueron 
modeladas las estrategias existentes para la conservaci6n de la especie dentro de los bloques de bosque de 
Murrindindi y Steavenson. La exclusi6n de las operaciones de tala de salvataje postertores a la quema de los 
bosques primarios, mejoraron significativamente lasperspectivas de supervivencia para la especie a corto y 
largo plazo. La suspensi6n de la tala de ciertas dreas d6nde se habfan propuesto cortes, contribuy6 significa- 
tivamente a la persistencia a largo plazo de la metapoblaci6n. Sin embargo, habrd que esperar por lo menos 
150 a~os para que las dreas que sean elegidas como reserva en el presente, puedan contribuir significativa- 
mente a la persistencia de la metapoblaci6n. Este es el tiempo requerido por los rodales en recuperaci6n exis- 
tentes para poder desarroUar las caracter[sticas de bosques primarios, que son un componente esencial del 
h~bitat de G. leadbeatert Analizamos la efectividad e distintos diseaos para proteger un drea total bajo 
reserva de 300 ha. Estas comprendieron desde una reserva ~nica de 300 ha hasta 12 reservas de 25 ha cada 
una. Las poblac~ones n las reservas m~s pequehas fueron vulnerables a la extinci6n debido a la estocasti- 
cidad demogrdfica y a la variabilidad ambiental. En forma opuesta, un pequeao n~mero de reservas de 
grandes dimensiones fueron susceptibles a ser destru{das durante un solo incendio catas~6fico poniendo de 
maniflesto la necesidad e mantener varias reservas dispersas. Se analiz6 la sensitividad e las distintas 019- 
clones de manejo a las variaciones en la frecuencia y extensi6n de incendtos, la capacidad e movimiento y 
un amplio rango de otros factores. Estos andlisis indicaron que la estrategia de conservaci6n que produjo el 
mejor resultado relativo para G. leadbeateri, fue la de proteger varias reservas de 50-100 ha en cada bloque 
de bosque y evitar las prdlcticas de tala de salvatage n estas dtreas i fuesen quemadas en un incendio natural. 
Introduction 
The conservation of the endangered species Leadbeater's 
Possum, Gymnobel ideus leadbeateri McCoy, is a major 
issue in the management of Australian forest resources 
(Lindenmayer et al. 1990a, 1991a). Indeed, there are 
many parallels between the conservation of G. leadbeat- 
er/ and the Northern Spotted Owl (Strix occidentalis 
caurina; Lindenmayer & Norton 1993). G, leadbeateri 
is a cryptic and small species of nocturnal, arboreal mar- 
supial weighing from 120 to 160 g as an adult (Smith 
1980). The species has a limited distribution and is re- 
stricted to stands of montane ash forest within an area of 
80 × 60 km in the Central Highlands of Victoria, south- 
eastern Australia (Lindenmayer tal. 1991a). 
Montane ash forests typically occur as sin#e-species 
stands dominated by either mountain ash (Eucalyptus 
regnans), alpine ash (E. delegatensis), or shining gum 
(E. nitens) (Lindenmayer tal. 1991a). Wildfires in 1939 
burnt more than 70% of the montane ash fores~ in the 
Central Highlands of Victoria. Detailed field surveys 
have shown that stands of 55-year, old regrowth mon- 
tane ash forest have provided important areas of habitat 
for G. leadbeateri, and many records of the species dur- 
ing the past 20-30 years have come from this type of for- 
est (Lindenmayer et al. 1989). Statistical models of the 
habitat requirements of G. leadbeateri highlight he spe- 
cies' dependence on nest sites in large trees that are sev- 
eral hundred years old (Lindenmayer et al. 1991c). But 
most nest sites within regrowth forests are dead trees 
killed or badly damaged by the 1939 wildfires (Linden- 
mayer et al. 1991d). Potential nest sites for G. leadbeat- 
eri are falling over at a rate of approximately 4% per year 
(Lindenmayer tal. 1990b, unpublished data). Within the 
next few decades large areas of regrowth montane ash 
forest will support insufficient suitable nest sites to meet 
the nesting and habitat requirements of G. leadbeateri 
(Lindenmayer et al. 1990b). This will result in a major 
decline of populations of the species. The shortage of 
nest sites will persist for at least 100 years or until exist- 
ing regrowth trees reach a minimum of 150 years old 
and become suitable for occupation by G. leadbeateri 
(Smith and Lindenmayer 1988; Lindenmayer et al. 
1991c). Most hollow-bearing trees within stands of old- 
growth forest are large, old, living stems. These have a 
slower rate of decay and a considerably reduced proba- 
bility of collapse than dead trees with hollows (Linden- 
mayer et al. 1990b). Therefore, stands of old-growth 
montane ash forest will be among the only remaining 
forest types to contain sufficient nest sties for G. lead- 
beateri during the next 20-150 years (Lindenmayer et 
al. 1990b). 
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More than 75% of the forest where G. leadbeateri may 
occur is designated for t imber harvesting (Macfarlane & 
Seebeck 1991). Clearfelling is the predominant form of 
logging in these forests. The planned interval between 
logging operations i  80-120 years, although 50-year-old 
forest has been cut for more than 10 years (Squire et al. 
1991 ). The way the forest is cut, together with the short 
interval between timber harvesting operations, means 
that there are insufficient rees with hollows in logged 
areas to meet the habitat and nesting requirements of 
the species (Lindenmayer 1994a). Moreover, the contin- 
ued use of clearfelling permanently eliminates large, po- 
tentiaUy suitable nest trees for G. leadbeateri (Linden- 
mayer et al. 1993a). Finally, parts of wood production 
areas excluded from timber laarvesting such as stands on 
steep slopes, retained linear strips, and riparian reserves 
may not provide good habitat for the species (Linden- 
mayer et al. 1991a; 1993b; Lindenmayer & Nix 1993). 
This combination of factors prompted Smith and Linden- 
mayer (1992) to suggest that G. leadbeateri could be to- 
tally eliminated from wood production areas unless addi- 
tional conservation measures are implemented. Various 
state and federal agreements such as The Timber Indus- 
try Strategy (Government of Victoria 1986), The Flora 
and Fauna Guarantee Act (Government of Victoria 1988), 
and the National Forest Policy (Commonwealth of Aus- 
tralia 1992) have indicated the intention to conserve na- 
tive forest-dependent taxa throughout their known ranges. 
Given this, the challenge is to identify strategies to en- 
sure that G. leadbeateri will be preserved in the signifi- 
cant portion of its range where timber harvesting takes 
place. 
A draft of a management s rategy for the conservation 
of G. leadbeateri in wood production areas has been re- 
leased by the Victorian Department of Conservation and 
Natural Resources (Macfarlane & Seebeck 1991). One of 
the most important outcomes of this strategy was that 
logging was withdrawn from all remaining stands of old- 
growth ash forest. This was in addition to the other ar- 
eas of forest that were generally unavailable for timber 
harvesting, such as streamside reserves and patches on 
steep and rocky terrain (Department of Conservation, 
Forests and Lands 1989). Unfortunately, most wood- 
production forest blocks support only limited areas of 
old-growth montane ash forest (Possingham et al. 1994; 
J. Smith, personal communication) and may be insuffi- 
cient for the long-term conservation of G. leadbeateri 
(Lindenmayer & Lacy 1995).Given this, it is appropriate 
to determine if the implementation f additional conser- 
vation measures could improve the species' prospects of 
persistence. 
We used ALEX, a computer program for population vi- 
ability analysis (PVA; Possingham et al. 1992; Possing- 
ham & Davies 1995), to address aspects of the problems 
associated with the conservation of G. leadbeateri. A
number of important factors set this investigation apart 
from most of those completed previously. First, the 
patch structures used in our analyses were based on real 
forest inventory data from two wood-production forest 
blocks that were comprised of existing suitable habitat 
patches and areas available for timber harvesting. Sec- 
ond, we have incorporated a submodel within ALEX to 
track temporal variations in habitat suitability within dif- 
ferent types of potentially suitable habitat patches (Ap- 
pendix 1). This is important because the suitability of 
habitat patches for G. leadbeateri changes over time 
and may also vary in response to disturbances like tire 
and logging (Lindenmayer 1995). Thus, the spatial ar- 
rangement of habitat patches within a forest landscape 
is dynamic. Finally, this is one of the first times PVA has 
been used in a detailed comparison of the relative effec- 
tiveness of different potential wildlife conservation strat- 
egies (but see McKelvey et al. 1993). Given this, one of 
the major aims of this study was to demonstrate how 
PVA can be used to guide wildlife and resource manage- 
ment when there is uncertainty about the actual values 
for extinction probability (Possingham et al. 1993). We 
simulated the viability of populations of G. leadbeateri 
in networks of patches presently set aside for the con- 
servation of the species. We then compared these find- 
ings with more complex analyses based on array of pos- 
sible additional reserve systems that could be implemented 
in wood production areas. We also assessed the impact 
of post-fire salvage logging operations in existing areas of 
old-growth forests and possible additional reserve systems. 
Methods 
Our study focused on the Murrindindi and Steavenson 
wood-production forest blocks (Fig. I). These areas 
cover approximately 3800 ha and 4500 ha respectively. 
They were selected because they contain different otal 
areas of old growth- -24 ha in the Murrindindi Forest 
Block and 250 ha in the Steavenson Forest Block (Figs. 2 
& 3). These values are indicative of the range of total 
sizes of old-growth areas that occur within timber-pro- 
duction forest blocks in the region. Hence, the results of 
our analyses will provide useful information to guide the 
management of other wood production areas. 
A number of generic computer models are available 
for PVA, and the selection of the most appropriate one 
depends upon many factors, including the characteris- 
tics of the taxon under investigation, the particular man- 
agement problem in question, and how these match the 
strengths and limitations of a given package (Linden- 
mayer et al. 1995). In the case of G. leadbeateri, for ex- 
ample, the program VORTEX was used in studies of the 
interactions between genetic and demographic factors 
and population persistence (Lindenmayer et al. 1993c; 
Lindenmayer & Lacy 1995). Burgman et al. (1994) used 
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Figure 1. The location of  the Murrindindi Forest Block 
(area marked 1) and the Steavenson Forest Block 
(area marked 2) within the Central Highlands of  Vic- 
toria, southeastern Australia. 
the RAMAS package to examine aspects of the reintro- 
duction biology of the species. ALEX (Version 2.2b; Pos- 
singham et al. 1992; Possingham & Davies 1995) was 
used in this investigation because of the need to model 
complex temporal and spatial changes in the suitability 
of forest habitats in response to various disturbance re- 
gimes. Many of the features of the package, as well as 
the sequence of program flow, are described in other 
studies O~ossingham etal. 1994). 
A range of types of data were entered in ALEX to allow 
us to simulate the dynamics of metapopulations of G. 
leadbeateri. These included values for the life-history at- 
tributes of the species and the size and spatial ocation 
of patches of different ypes of potentially suitable habi- 
tat in the Murrindindi and Steavenson Forest Blocks. In 
addition, we also added a submodel to the program to 
track temporal variations in the habitat suitability for G. 
leadbeateri which result from logging and wildfires (Ap- 
pendix 1). The following sections describe some of the 
information used to construct these submodels as well as 
the basis for the values of the parameters input to ALEX. 
Model Parameterization 
Several detailed studies of the biology and ecology of G. 
leadbeateri have been completed (Smith 1980, 1984a, 
1984b; Smith & Lindenmayer 1988, 1992; Lindenmayer 
1989; Thomas 1989; Lindenmayer et al. 1990a-1990b, 
1991a-1991f, 1993a-1993c, 1994a-1994b). Informa- 
tion from these investigations has been used to calculate 
key parameters for input to ALEX, such as age at sexual 
maturity and age-specific rates of mortality (Table 1). 
The structure of ALEX results in only female G. leadbeat- 
eri being modeled, and we assigned them to one of 
three age classes: newborn (<1),ear) ,  subadults (be- 
tween 1 and 2 years old), and adults (>2 years old) (Ta- 
ble 1). Modeling only females is not a limitation because 
they are the limiting sex resulting from a matriarchal 
mating system with a 3:1 male-biased sex ratio (Smith 
1984b). 
Environmental variation appears to have a significant 
effect on the breeding success of G. leadbeateri. Smith 
(1980, 1984b) showed that the availability of arthropod 
prey for G. leadbeateri, which regulates fecundity in the 
species, is substantially reduced during drought. He 
found that under drought conditions no young survive 
to weaning age (3 months; Smith 1984b). In addition, 
the availability of Acacia gum, a key source of carbohy- 
drates for G. leadbeateri (Lindenmayer et al. 1994a) ap- 
pears to be considerably diminished during mild, wet 
summers when trees do not suffer water stress. Given 
this information, the effects of environmental variation 
on G. leadbeateri were modeled in ALEX by assuming 
that animals did not breed successfully on average one 
in every six years. ALEX includes demographic stochas- 
ticity by using a probabalistic matrix to generate births 
and deaths (Possingham et al. 1992). 
The patch structure used in our analysis was com- 
prised of several types of forest: (1) stands of old 
growth, (2) forest within 20 m of a stream and stands on 
steep and rocky areas (>30°), and (3) the remaining part 
of the forest landscape that was designated for timber 
harvesting. Data from the Murrindindi and Steavenson 
Forest Blocks on the distribution, size, and spatial oca- 
tion of these types of areas were extracted from existing 
forest inventory information. This had been stored in a 
geographic information system (GIS) developed by the 
Department of Conservation and Natural Resources. 
Each type of habitat patch in each study area was as- 
signed a number, and this information was then linked 
with data on the size of such patches (Figs. 2 & 3). A 
grid was then overlaid on the GIS-derived maps, and a 
set of x,y coordinates was calculated for a central point 
in each patch. We connected pairs of patches that were 
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Figure 2. The patch structure 
used for  analyses of  the persis- 
tence of  populations of  G. lead- 
beateri n the Steavenson Forest 
Block. The total area of  the for- 
est block is approximately 5500 
ha. Each patch was assigned a
number, given in the figure. The 
solid lines are movement corri- 
dors that allow animals to dif- 
fuse between habitat patches. 
less than 200 m apart with a "corridor" that allowed ani- 
mals to "diffuse" between the patches. 
Habitat Quality Indices for Patches 
Extensive field data have shown that the structure of 
stands of montane ash forest is a fundamental compo- 
nent of habitat suitable for G. leadbeateri. Statistical 
modeling of these data has shown that two factors ignif- 
icantly influence the presence of the species: the avail- 
ability of nest sites that occur in large trees with hollows 
(Lindenmayer et al. 1991b) and the abundance of food, 
particularly gum exudates from Acacia spp. trees (Smith 
1984a; Lindenmayer et al. 1994a). The robustness of 
these models has recently been confirmed by statistical 
tests of additional field datasets (Lindenmayer et al. 
1994b). 
The availability of key habitat resources for G. lead- 
beateri varies between forests with different histories of 
disturbance (for example, old-growth, multi-aged, and 
regrowth stands [Lindenmayer t al. 1991b, 1991d]; Ap- 
pendix 1, Fig. 4). Given this fact and using detailed infor- 
mation on the habitat requirements of G. leadbeateri, 
we assigned a value between 0 and 1 for the suitability 
of the habitat of the different ypes of patches modeled. 
The reciprocal of this value was the maximum number 
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Figure 3. The patch structure 
used fo r  analyses of  the persis- 
tence of  populations of  G. lead- 
beateri in the Murr indindi  For- 
est Block. The total area of  the 
forest block is approximately 
3500 ha. Each patch was as- 
signed a number, given in the 
figure. 
of breeding, adult G. leadbeateri per ha-- in this study, a 
maximum of one adult breeding female per ha. Thus, for 
example, only 12 females can breed in a 60-ha patch 
with a habitat quality value of 0.2. The value for the hab- 
itat suitability index is a function of both the availability 
of nest trees and the suitability of the foraging substrate 
for the species. Notably, this is different from the carry- 
ing capacity for females, which was set by the min imum 
living area (Table 1). 
The habitat suitability values varied according to the 
temporal dynamics of key habitat components for G. 
• leadbeateri. Appendix 1 describes the submodels used 
to track the dynamics of the habitat suitability indices 
for each type of patch. The response curves associated 
with the various ubmodels are presented in Fig. 4. 
Detailed surveys of more than 200 field sites (Linden- 
mayer et al. 1991b, 1994a) indicate there is approxi- 
mately one reproductively active female G. leadbeateri 
per 6 ha of old-growth forest. On this basis we set a hab- 
itat quality value of 0.3 for these areas. This allowed for a 
maximum of two breeding females per 6 ha of old-growth 
forest. An examination of our simulations revealed, how- 
ever, that there were typically half this number of ani- 
mals per 6 ha, which is approximately equal to the val- 
ues that are observed in field surveys of the species. Most 
trees in old-growth forests are large, living stems that 
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Table 1. Values for the life-history attributes of G. leadbeateri that 
w~e.input to ALEX for metapopulation viability of the species. 
Attribute ValUe 
Minimum home range of females ill highest 
quality habitat 1.0 ha a 
Minimum home range size of breeding females in 
old growth 3.3 ha ~ 
Maximum population density (females per ha) 2 
Reproduction 
Annual probability of 0 female young per female 0.45 
Annual probability of 1 female young per female 0.30 
Annual probability of 2 female youngper female O. 18 
Annual probability of 3 female young per female 0.06 
Annual probability of 4 female young per female 0.01 
Age at sexual maturity (years) 2 
Mortality 
Annual probability of death 
newborn 0.0 
juvenile 0.3 
adult 0.3 
Population growth 
Population growth rate under ideal conditions 1.21 c
Population threshold for quasi extinction 2 
Movement 
Mean migration distance of juveniles 2 km 
Population density before migration 
(% of maximum) 20% 
Migration probability of subadults 70% 
Population density before diffusion 
(% of maximum) 10% 
Diffusion probability for subadults 20% 
aThis value sets the limit for carrying capacity. 
~This value indicates the number of adult females that can breed in 
a patch of given size. 
CCalculated by ALEX from a synthesis ofinput values. 
have a relatively low probability of collapse (Lindenmayer 
et al. 1990b). Thus, we incorporated no temporal changes 
in the habitat suitability index for old-growth patches in 
the absence of wildfires (Appendix 1, Fig. 4). The wild- 
fires resulted in more complex temporal variations in the 
habitat suitability index. These are outlined below and in 
Appendix 1. Notably, attempts to model the dTnamics of 
populations of G. leadbeateri without incorporating tem- 
poral variations in habitat suitability would have produced 
misleading results. This is because of the protracted time 
frames used in our analyses (several hundred years) and 
the strong likelihood of changes in the quality of most 
types of habitat patches occurring during this time. 
The abundance of G. leadbeateri is negatively corre- 
lated with steep slopes (Lindeumayer tal. 1991b); such 
areas also typically support few trees with hollows (Lin- 
deumayer et al. 1991d). G. leadbeateri is uncommon in 
narrow strips of retained linear habitat such as those ar- 
eas set aside in streamside reserves (Lindenmayer et al. 
1993b). Using these studies as a guide and assuming that 
areas excluded from harvest support some trees with 
hollows, we set the maximum value for the habitat suit- 
ability index in forests On steep areas and in streamside 
reserves at O. 15. This declined to 0.05 over the follow- 
f l re / 
0.8 a) 
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>, 0.2 
"~ o o 200 400 
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• J o 
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Figure 4. The response curves for  temporal variations 
in habitat quality fol lowing wildfires at 5 years (a) 
and 5 and 55 years (b). The line in each case repre- 
sents the habitat quality value and corresponds to the 
max imum abundance of  adult breeding female ani- 
mals per  hectare that could occur in a patch. 
ing 100 years because of the collapse of hollow-bearing 
trees in such areas, but it then gradually returned to 0.15 
after 150 years in response to the recruitment of new 
hollow-bearing trees (Appendix 1, Fig. 4). These values 
mean that these areas would facilitate the movement of 
animals between patches of old-growth forest but would 
only rarely support resident and/or breeding G. lead- 
beateri. 
All other parts of the Murrindindi and Steavenson For- 
est Blocks were assigned a habitat sm'tability value of zero 
because we assumed that such forests would be 
c!earfeUed on a 50 to 120-year otation, making them 
permanently unsuitable for G. leadbeateri. Temporal 
changes in the habitat suitability index for timber har- 
vesting areas simulated as being withdrawn from wood 
production took place as follows. The habitat value re- 
mained at zero for the first 100 years of each simulation 
because such areas would support few if any trees with 
hollows. There would be recruitment of potential nest 
sites after this time, and the corresponding value for 
habitat quality approached that of old-growth forest af- 
ter approximately 150 years (Appendix 1, Fig. 4). 
Withdrawal of Prolmsed Coupes from Timber Harvesting 
The area of each forest block available fot~ timber har- 
vesting and each area not recently logged or about o be 
cut was subdivided into units of approximately 20-30 
ha. Each unit corresponded to a potential logging area. 
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The 20 to 30-ha size of logging areas was consistent 
with present prescriptions governing timber harvesting 
practices in Victorian public forests (Department of 
Conservation, Forests and Lands 1989). The approach 
used to simulate the array of logging coupes in the Steav- 
enson and Murrindindi forest blocks was based on infor- 
mation provided by officers of the Victorian Department 
of Conservation and Natural Resources. 
We simulated reserving up to 1000 ha of forest from 
logging in each of the Murrindindi and Steavenson Forest 
Blocks. Modeling significantly larger reserved areas 
would have been unrealistic because various Victorian 
Government policies have legislated the provision of 
large quantities Of timber and pulpwood from montane 
ash forests. 
The diffusion submodel in ALEX simulated the move- 
ment of animals between eighboring patches less than 
200 m apart. It was invoked to model the movement of 
animals to suitable unoccupied habitat in an adjacent 
patch. There was no mortality associated with this form 
of movement, and animals were able to diffuse to one 
new patch in any given year. The number of diffusing 
animals in any given year was limited by the length of 
the common boundary of adjacent areas of suitable habi- 
tat. The probability of "diffusion" was set to 20% for sub- 
adult females, and this accounted for the movement of 
those animals that did not undergo migration. A value of 
10% was used for the adult age cohort (>2 years old) to 
allow some animals to make minor adjustments o the lo- 
cation of their territories. 
Simulating the Movement of Animals between Habitat Patches 
The values for movement used in our investigation were 
estimates based on demographic and radiotelemetry 
studies of G. leadbeateri  (Smith, 1980, 1984b; Linden- 
mayer et al., unpublished ata). We simulated the move- 
ment of the species between patches of suitable habitat 
by invoking both the migration and diffusion submodels 
available in ALEX. The migration submodel simulated 
the movement of animals between patches of habitat 
separated by more than 200 m of unsuitable forest. This 
minimum distance was used because the home range of 
G. leadbeateri  is approximately 1-3 ha (Smith 1980; Lin- 
denmayer et al., unpublished ata). Each migrating ani- 
mal moved from its source patch in a straight line and a 
random direction (Possingham & Davies 1995). The 
probability of survival declined exponentially as the in- 
ter-patch distance increased. Animals were capable of 
moving an average of 2 km before they died. This is ap- 
proximately twice the maximum distance recorded for 
movements by the species (Lindenmayer et al., unpub- 
lished data). Thus, the probability of survival of any 
given individual was a function of the size of and dis- 
tance to other suitable patches of habitat. 
We limited migration to the subadult cohort (animals 
aged 1-2 years) and set the maximum value for the an- 
num probability of migration to 70%. We used these val- 
ues because Smith (1980, 1984b) found that adult female 
G. leadbeateri enforced the dispersal of their offspring 
when they were approximately 12 months old. Migra- 
tion occurred when the abundance of individuals in a 
particular patch exceeded 20% of its maximum carrying 
capacity. This value was based on studies of the mating 
system and social structure of the species which show 
that adult female G, leadbeateri  are intolerant of adult 
conspecifics of the same sex (Smith 1980, 1984b). At 
lower population densities animals would tend to dis- 
perse to adjacent, unoccupied forest located within the 
same habitat patch. 
Effects of Wildfire 
Wildfires have had a major impact on the structure of 
the vegetation in montane ash forests (Lindenmayer et 
al. 1990b, 1991d) and have, in turn, significantly affected 
the suitability of habitats for G. leadbeateri  (Linden- 
mayer et al. 1991c). These catastrophic events also have 
influenced the spatial arrangement and juxtaposition of 
existing habitat patches for the species (such as areas of 
old-growth forest). Because montane ash forests occur 
in extremely wet environments (Lindenmayer tal. 19910, 
the vegetation is usually too moist to facilitate the use of 
prescribed fires as a forest management tool. Indeed, 
wildfires in the region are typically major conflagrations 
such as those that occurred in 1851, 1926, 1932, 1939, 
and 1983 (Noble 1977). Less extensive wildfires were 
recorded in 1905, 1908, 1909, 1919, and 1948 (Linden- 
mayer et al. 1991 d). 
Because fire is a key but uncertain ecological process 
in montane ash forest, we modeled the effects of a range 
of fire regimes, including those in which (1) the annual 
probability of fire was 1.33, 1, and 0.67%, and (2) the 
proportion of the number of patches burned in a fire 
was 50, 75 and 100%. We recognize that there are many 
other possible fire regimes that could have been mod- 
eled; an extensive analysis of the effects of wildfire on 
metapopulations of G. leadbeateri has been addressed by 
Lindenmayer and Possingham (1995). 
Wildfires influence the suitability of both the nestings 
and foraging components of forest habitats for G. lead- 
beateri. Their impact on stand characteristics is related 
in part to the age of the forest when it is burned (Linden- 
mayer et al. 1991d, 1993a; Appendix 1; Fig. 4). If areas 
of young regrowth forest are burnt by high-intensity fires, 
the damaged or killed stems within the stand will be too 
small to become suitable trees with hollows. If a fire oc- 
curs in a patch of old-growth forest, then large ash-type 
eucalypt trees with hollows may be killed or fire-scarred 
(Lindenmayer tal. 1993a). Such trees would contain or 
develop cavities that are potentially suitable for use by 
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G. leadbeateri. The colonization of the area would be 
delayed for approximately 10-20 years, however, until 
the recovery of stands of Acacia spp. to form a suitable 
foraging substrate for the species. Large trees with hol- 
lows may remain standing for up to 70 years or more be- 
fore they become highly decayed and eventually col- 
lapse (Lindenmayer et al. 1990b, unpublished data). 
Regrowth montane ash forests would then remain virtu- 
ally devoid of nest sites until new trees are recruited that 
contain cavities suitable for occupation by G. leadbeat- 
er/. This process takes at least 200 years (Smith & Lin- 
denmayer 1988; Lindenmayer et al. 1991c, 1993a). Low- 
intensity fires in stands of old growth may create multi- 
aged stands comprised of dense regenerating Acacia 
spp. overtopped by a combination of living fire-scarred 
and dead hollow-bearing trees. 
Fire-damaged stands may be salvage-harvested, which 
has occurred after several wildfires in the ash-type uca- 
lypt forests of the Central Highlands of Victoria (Noble 
1977). Such operations in burned old-growth patches re- 
stilt in the removal of large, fire-damaged stems that may 
otherwise become potentially suitable nest sites for G. 
leadbeateri. Thus, salvage logging sets back the process 
of habitat recruitment (Smith & Lindenmayer 1992; Ap- 
pendix 1). Notably, such activities in burned regrowth 
stands would not have the same negative impact. This is 
because young trees would be too small, when burned, 
to develop into trees with hollows, and the process of 
habitat recruitment would recommence at year 0, irre- 
spective of whether or not salvage logging takes place. 
We developed a number of submodels that describe 
the relationships between wildfires, salvage logging op- 
erations, vegetation structure, and the age of a stand 
when it is burnt. The equations associated with these 
submodels are presented in Appendix 1 and were incor- 
porated within the sequence of program flow of ALEX 
to enable us to model temporal and spatial variations in 
habitat suitability for G. leadbeateri, particularly the 
abundance of living trees with hollows, the abundance 
of dead hollow-bearing trees, and the suitability of forag- 
ing substrates (the basal area of Acacia spp.). We have 
based these submodels on known relationships for (1) 
the response of ash-type ucalypt rees to fire (Ashton 
1981; Lindenmayer et al. 1991e, 1993a; Ough & Ross 
1992); (2) the time required for montane ash trees to de- 
velop cavities uitable for occupation by arboreal marsu- 
pials such as G. leadbeateri  (Lindenmayer et al. 1993a); 
(3) measured rates of collapse of trees with hollows in 
montane ash forests (Lindenmayer et al. 1990b, unpub- 
lished data), and (4) the dynamics of stands of Acacia spp. 
in response to disturbance (Smith & Lindenmayer 1992). 
Output Data from Computer Simulation Modeling 
Output data derived from ALEX included the median 
time to extinction, the probability of quasi-extinction 
(when the metapopulation size fell to just two females), 
and incremental or "steady state" extinction probability. 
The incremental or steady-state probability of extinc- 
tion was a measure of the average long-term likelihood 
of extinction during a 150-year period derived by the fol- 
lowing method. The probability of extinction was calcu- 
lated for each 150-year interval of a simulation. The val- 
ues for time steps of 150-300, 300-450 , 450-600, and 
600-750 years were then averaged. We used this ap- 
proach to overcome the dependence of measures of ex- 
tinction probability on the corresponding value from the 
previous time step, as well as an "initialization effect" by 
which the results derived in the early parts of a simula- 
tion were heavily biased by the patch structure used at 
the start of the analyses. 
Standard deviations were generated for many of the 
values derived from the application of ALEX. These 
were calculated using the following formula: 
SO = ~/np (1 -  p) , 
where n is the number of simulations andp is the proba- 
bility of extinction during the time horizon of interest. 
We completed at least 300 simulations for each scenario, 
so the standard eviation in output values (such as for 
extinction probabilities) would be a maximum of _+ 3%. 
Scenarios Examined 
Scenar io  1. The probability of metapoputation extinc- 
tion in the Murrindindi and Steavenson Forest Blocks 
was estimated using patch structures comprised of stands 
of old growth, forest on steep and rocky areas, and 
streamside reserves (Figs. 2 & 3). For these simulations 
the annual probability of fire was set to 1%, with either 
50 or 75% of patches being burned during any given 
wildfire event. These values for fire frequency and ex- 
tent, together with others employed in subsequent sce- 
narios, were used to test the sensitivity of our results to 
different fire regimes. In addition, we simulated the ef- 
fects of post-fire salvage logging operations within 
stands of burned forest. Scenario 1 represents our base- 
line scenario against which other management options 
could be compared. 
Scenar io  2. A total of 300 ha of forest was withdrawn 
from timber harvesting and added to the other compo- 
nents of the habitat patch structure in the Murrindindi 
Forest Block (Fig. 2). This total area was comprised of 12 
potential logging coupes, each of approximately 25 ha. 
Six combinations of reserved areas were then tested: (1) 
a single 300-ha area comprised of 12 coupes joined to- 
gether, (2) 2 150-ha areas of 6 coupes each, (3) 3 areas 
measuring 100 ha each (3 X 4 coupes); (4) 4 reserves 
comprised of 3 joined coupes (= 75 ha each); (5) 6 pairs 
of 50-ha areas (= 2 joined coupes), and (6) 12 areas of 
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25 ha each. A number of variations of this scenario were 
completed using three different values for both fire fre- 
quency (annual probability = 0.67, 1 and 1.33%) and the 
proportion of patches burnt in a given fire event (50, 75, 
and 100%). We did not model the effects of salvage log- 
ging in any of these simulations. In some we constrained 
the dispersal capability of animals, and movement be- 
tween patches was prevented. 
The Murrindindi Forest Block contains very little old- 
growth forest (Fig. 2), and this is predicted to be insuffi- 
cient to maintain populations of G. leadbeateri for more 
than a few decades. To overcome these problems we 
projected into the future assumed that there would be 
no wildf'tres between ow and 150 years into the future 
and that existing areas of old growth were not clear- 
felled. In addition, we assumed that populations of G. 
leadbeateri were able to persist or were restored in the 
Murrindindi Forest Block. The time projection resulted 
in the areas withdrawn from wood production maturing 
to become stands of old-growth forest and in the present 
old-growth patch structure remaining the same as it is 
now. Simulations of metapopulation dynamics were 
then made for intervals beyond this 150-year time pro- 
jection. The use of the time projection allowed us to 
gauge the potential benefits that might be derived from 
an increase in the amount of suitable habitat for the spe- 
cies, as well as variations in population dynamics that 
could result from a long-term change in the distribution 
of forest age classes in the Murrindindi Forest Block. 
Scenario 3. Scenario .3 follows Scenario 2, except hat 
for the Steavenson Forest Block we did not use a 150 °
year projection. This was because the Steavenson Forest 
Block contained significantly more old-growth forest 
than the Murrindindi Forest Block, and the probability of 
persistence of G. leadbeateri was predicted to be much 
higher. The purpose of the analyses undertaken i  Sce- 
narios 2 and 3 was to determine the optimal number of 
reserves to set aside given a fLxed total area available for 
reservation. 
Scenario 4. Three to 20 areas, each of 50 ha, were ex- 
cluded from timber harvesting in the Murrindindi Forest 
Block. For simulations with six and nine 500ha patches 
set aside, we modeled reserve systems characterized by 
different spatial arrangements of patches. In these cases 
the excluded areas were either positioned close to areas 
of suitable habitat and linked by a diffusion corridor or 
isolated from patches of suitable, habitat. These differ- 
ences were designed to test the sensitivity of the results 
to variations in the spatial ocation, size, and number of 
reserved areas. We invoked the 150-year time projection 
described in Scenario 2. The fire regimes applied in- 
cluded an annual probability of fire of 0.67, 1, and 
1.33%, and an amount of 50, 75, and 100% of patches 
burned in any given wildfire. Post-fire salvage logging 
operations were not simulated. 
Scenario 5. Scenario 5 follows Scenario 4, except hat 
the variations in the spatial ocation of reserves was lim- 
ited to simulations with three 50-ha areas. In addition, 
the proportion of patches burned in a fire was restricted 
to 50 and 75%, with an associated annual probability of 
fire of 1%. The aim of analyses undertaken i Scenarios 4
and 5 was to examine the relative benefits of adding re- 
serves to the area set aside. 
Results 
For Scenario 1 we recorded high values for the pre- 
dicted probability of extinction in the Murrindindi For- 
est Block (Table 2). The loss of the species from this area 
was rapid, with a median time to extinction of 10 years. 
The value for the probability of extinction was the same 
for all time intervals modeled (P[I] = 100%; Table 2) be- 
cause our analyses predicted that no populations of G. 
leadbeateri would persist for more than a few decades. 
We did not model the effects of post-fire salvage logging 
operations because the probability of extinction could 
not have been higher than that recorded without such 
activities. 
Populations of G. leadbeateri were predicted to have 
a greater chance of persisting in the Steavenson Forest 
Block. But in this case the incremental probabilities of 
extinction were high, typically exceeding 40% even un- 
der the least extreme fire regime modeled (Table 2). As 
expected, the prospects of survival for populations of G. 
leadbeateri were significantly lower in scenarios in 
which the effects of salvage logging were modeled than 
in those in which such operations were excluded from 
the analysis, particularly when fires were less extensive 
(Table 2). 
In Scenario 2 the probability of metapopulation ex- 
tinction increased with an increase in both the fire fre- 
quency and the proportion of patches burned in a given 
wildfire event (Table 3, Fig. 5). For the less extreme fire 
regimes, the lowest values for the predicted probability 
of metapopulation extinction were typically recorded 
when either 12 areas, each of 25 ha, or six reserved 
patches measuring 50 ha each were excluded from log- 
ging (Table 3; Fig. 5). Notably, when we ran these simu- 
lations for a prolonged period (such as 750 years), our 
estimates for the incremental probability of extinction 
indicated that after 300 years G. leadbeateri was most 
likely to persist when there were six reserved areas each 
measuring 50 ha. 
When the movement of animals between habitat patches 
was constrained, the lowest values for the predicted 
probability of extinction were recorded in reserve sys- 
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Table 2. The estimated probability of extinction (%) of populations 
of G. ieadbeateri in the Murrindindi and Steavenson Forest Blocks. a 
Proportion of  Extinction probabil ity at 
patches burned various times 
in a wildfire P15o P3oo P45o P600 P750 Meant' 
Murrindindi (without salvage logging) c
75% 100 100 100 100 100 100 
50% 100 100 100 100 100 100 
Steavenson (without salvage logging) 
75% 42 79 91 97 99 60 
50% 17 49 72 82 91 42 
Steavenson (with salvage logging) 
75% 58 86 96 99 100 69 
50% 34 71 89 95 99 58 
aFor these analyses we set the annual probability of af i re to 1% 
and the number of patches that were burned in a conflagration at 
either 50 or 75%. 
bThe probabilitF of extinction was derived for time steps of 150- 
300, 300-450, and 450-600 years. The mean of these three mea- 
sures was calculated to give a value for the incremental probability 
of extinction. 
CData on the values for the probability of extinction of populations 
in the Murrindindi Forest Block when post-fire salvage logging oper- 
ations were simulated have not been presented because the values 
were the same as when there were no such activities (P[E]I5o_75o = 
lOO%). 
the Murrindindi Forest Block. The results of simulations 
in which 50% of patches were burned revealed that the 
lowest values for the incremental probabil ity of extinc- 
tion occurred in reserve systems comprised of more, 
smaller eserves (12 × 25 ha, 6 × 50, and 3× 75 ha; Fig. 
6). But there were no consistent patterns among the 
data from simulations with a more intensive fire regime 
(i.e. 75% of patches burned; Fig. 6). 
In Scenarios 4 and 5 the exclusion from timber har- 
vesting of even a small number of reserves resulted in a 
marked reduction in the predicted probability of extinc- 
tion of populations of G. leadbeater i .  The  probabilities 
of population extinction increased with more-extreme 
fire regimes, and they were greatest in those simulations 
with both a short interval between conflagrations and a 
large proport ion of habitat patches burned (Fig. 7). The 
values for the predicted probabil ity of extinction were 
sensitive to the spatial location of the reserved areas. We 
consistently recorded higher values for this measure 
when the reserves were remote from and not linked to 
other patches of suitable habitat (Fig. 7). 
tems comprised of patches of 6 × 50 ha and 4 × 75 ha 
(Table 3). Thus, the prevention of movement typically 
resulted in an increase in the size of patches in which G. 
l eadbeater i  was most likely to persist. But the greatest 
risks of extinction still occurred in simulations with a 
small number of large reserves (1 × 300 ha and 2 × 15 ha; 
Table 3). 
Trends from the analyses in Scenario 3 for the Steaven- 
son Forest Block were less pronounced than those from 
Discussion 
We recorded high probabilities of extinction for popula- 
tions of G. leadbeater i  in the Murrindindi and Steaven- 
son Forest Blocks when the patch structures were lim- 
ited only to those areas presently excluded from timber 
harvesting. These large values indicate that there may be 
insufficient suitable habitat in either block to ensure the 
local persistence of G. leadbeater i  f a major wildfire 
were to occur. In the case of the Steavenson Forest 
Table 3. The predicted probability of populations of G. leadbeateri in the Murrindindi Forest Block in response to a combination of both 
different configurations of proposed logging coupes withdrawn from wood production and different wildfire regimes? 
Number  o f  Area of  Fire reg imes 
patches each reserved Patches burnt  (%) Annua l  probabiltty o f  f l re (%) 
reserved patch (ha) 100 75 50 1.33 1 0.67 
Unconstrained Predicted probabi l i tyofext incf lonafter  150 years b 
A~ntmalMovement 
12 25 78 34 07 42 34 
6 50 77 36 06 49 36 
4 75 77 47 14 57 47 
3 100 80 46 22 64 46 
2 150 77 57 32 70 57 
1 300 77 69 56 77 69 
Constrained 
Att imalMovement 
12 25 80 57 24 68 57 
6 50 77 49 15 62 49 
4 75 81 50 20 64 50 
2 150 75 63 35 77 63 
1 300 77 69 56 77 69 
18 
19 
30 
32 
43 
46 
34 
29 
30 
43 
46 
a The effects of salvage logging within reserved areas were not simulated in these analyses. 
~Extinction probability values for the 150-year interval beyond the 150year timeprojection applied in simulations for the Murrindindi Forest 
Block. 
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Figure 5. The probabil ity of  extinction of  populations 
of  G. leadbeateri within 150 years in the Murr indindi  
Forest Block in response to different reserve design 
strategies. The x axis represents different configura- 
tions for  the reservation of  a total of  300 ha of  forest. 
The annual  probabil ity of  f i re in these simulations 
was set at 1%, and the shaded squares correspond to 
different f i re regimes in which the number  of  patches 
burned in a conflagration was varied between 50% 
and 100%. 
Block these values were further elevated when the ef- 
fects of salvage logging were modeled (Table 2). Hence, 
the results of our analyses indicate that the effects of 
past wildfires, coupled with those of intensive and ex- 
tensive logging operations, have created a patch struc- 
ture that is inadequate for the long-term conservation of
G. leadbeateri. Our £mdings are of major concern be- 
cause the Steavenson Forest Block contains more old- 
growth forest than do many other timber production ar- 
eas in the Central Highlands of Victoria, and estimates of 
the probability of extinction of G. leadbeateri would be 
lower. Given this, current strategies for the management 
of the species (Macfarlane & Seebeck 1991) do not ap- 
pear to be adequate, and additional conservation mea- 
sures are required to minimize the likelihood of extinc- 
tion of G. leadbeateri in wood production areas• On this 
basis, most of the following discussion focuses on two 
possible xtra management options to promote the con- 
servation of the species: the withdrawal of areas from 
timber production and the exclusion of post-fire salvage 
harvesting operations from stands of old-growth forest 
and other logging exemptions if they are burned in a 
wildfire. 
Des ign ing Reserve Systems wi th in  Wood Product ion Areas 
A major problem associated with withdrawing proposed 
logging coupes from wood production is the prolonged 
period (approximately 150 years) that must elapse be- 
fore reserves have the potential to make an effective 
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Figure 6. The relationships between the steady-state 
probabil ity of  extinction o f  G. leadbeateri in the Steav- 
enson Forest Block and various reserve configura- 
tions, fo r  a total area of  300 ha, and f i re regimes in 
which the annual  probabil ity of  a wildfire was 1% 
and the number  of  patches burned was 50 and 75%. 
contribution to the conservation of G. leadbeateri. This 
is because wood production areas are dominated by 
young forests. Despite the time lag, the benefits of any 
action taken now, we strongly believe that the imple- 
mentation of improved forest wildlife-management strat- 
egies must proceed because one of the principal aims of 
endangered species recovery programs hould be to es- 
tablish self-sustaining wild populations. It is appropriate 
to develop approaches that will overcome rather than 
Patches h i t  by f i re  
n 100% 
" 75% 
t O0 "" = - 50% 
80 
60 0~ 
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Figure 7. The effects on the predicted probabil ity of  ex- 
tinction in 150 years of  G. leadbeateri in the •lurrin- 
dindi Forest Block as a result of  increasing the num- 
ber o f  SO-ha patches et aside. Results are presented for  
three different f i re  regimes in which the number  o f  
patches burned was varied and the annual  probabil- 
ity of  f i re was set to 1%. 
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perpetuate the present difficulties that result from the 
shortage of suitable habitat for G. leadbeater~. The value 
of acting now was borne out by our analyses, which 
showed that the incremental extinction probability val- 
ues for 20 x 50 ha reserves were almost identical for the 
Steavenson and Murrindindi Forest Blocks (when the 
time projection was invoked). This indicated that reme- 
dial actions in areas uch as the Murrindindi Forest Block 
could eventually make a major contribution to the per- 
sistence of G. leadbeateri, even though in the short 
term the species is likely to become locally extinct. 
These approaches may also benefit other species that 
are threatened with localized extinction in wood-pro- 
duction ash forests, such as the greater glider (Petauroi- 
des volans; Possingham et al. 1994) and the mountain 
brushtail possum (Trichosurus caninus; Lindenmayer & 
Lacy 1993). They also could obviate the need for other 
expensive and logistically difficult, high-risk approaches 
such as provision of nest boxes (Lindenmayer et al. 
1991j0 and reintroduction and translocation programs 
(Lindenmayer 1994b). Notably, although it appears there 
are diminishing ains from adding extra reserves, it must 
be remembered that as the probability of extinction is 
reduced the ability to further depress this measure also 
decreases. The reservation of even a small number of 50- 
ha areas made a possible contribution to metapopula- 
tion persistence. The addition of 150 ha to the reserve 
system almost halved the incremental probability of ex- 
tinction (Figs. 7 & 8). Subsequent additions of 150 ha 
further reduced the value for the incremental probabil- 
ity of extinction by about 25%. But the advantages de- 
rived from adding extra reserves were impaired by a 
high-intensity fire regime (Fig. 7). 
The results of our analyses howed that for a given 
maximum area of forest that could be set aside, the de- 
sign of reserves was sensitive to and significantly influ- 
enced by a range of important factors. These included 
the impacts of wildfires, the size and spatial arrangement 
of the existing habitat patches in a given area, the ability 
of animals to move between reserves, and the size of pop- 
ulations where processes uch as demographic stochas- 
ticity and environmental variation become influential. 
Our findings consistently indicated that the risks of ex- 
tinction were lower when there were more, smaller ar- 
eas excluded from timber harvesting than fewer, larger 
ones of the same total size (Fig. 5). These results were 
related strongly to the incidence of wildfires. When 
there are several spatially dispersed patches, there is a 
reduced probability that all of them would be burned in 
a given wildftre. Such a risk-spreading strategy reduces 
the amount of environmental correlation between re- 
served areas and increases the probability that some 
populations will escape the effects of a major cata- 
strophic event (Gilpin 1987). The relationship between 
extinction probability and the size and number of re- 
serves needs to be qualified, however, within the con- 
text of the maximum area that can be practically set aside 
as reserves within timber-production montane ash forests. 
The larger the reserved area, the less likely that all of it 
will be completely destroyed by a given catastrophi c 
event 0~ronmark 1985; Seagle & Shugart 1985). This is 
particularly true in montane ash forests, where areas 
may vary considerably in slope, aspect, and topographic 
position (Lindenmayer et al. 1991d, 1991e). Different 
parts of the landscape may, in turn, vat 3- in their suscep- 
tibility to damage by fire (Ashton 1981), and some 
patches within a large area may remain unaffected 
(Smith & Woodgate 1985). Hence, within a large re- 
serve, disturbance regimes may leave or create patches 
of suitable habitat. But it is presently not possible to ex- 
clude timber harvesting from large areas of wood-pro- 
duction forest because of legislative requirements to 
produce large quantities of timber and pulpwood from 
the Central Highlands of Victoria (Government of Victo- 
ria 1986). As a result, we limited the area withdrawn 
from timber harvesting to 1000 ha within the two forest 
blocks investigated. 
Although it is important o reduce the levels of envi- 
ronmental correlation between reserves, it is essential to 
maintain habitat connectivity (Noss 1991) to facilitate 
the ability of animals to recolonize patches in which lo- 
cal extinctions have occurred. In the case of timber-pro- 
duction montane ash forests, a network of streamside r - 
serves is set aside to reduce the effects of logging on 
water quality (Department of Conservation, Forest and 
Lands 1989). These linear landscape features may link 
different reserves, although their value as conduits for 
the movement of the species is unknown. The results of 
preliminary studies have indicated that retained strips 
may not provide habitat for resident populations of G. 
leadbeateri (Lindenmayer et al. 1993b). The trade-off 
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Figure 8. The relationship between the steady-state 
probability of extinction of populations of G. leadbeat- 
eri in the Steavenson Forest Block and the number 
and area of patches et aside for the conservation of 
the species. 
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between maintaining connectivity and reducing envi- 
ronmental correlation between patches is complex and 
is discussed in more detail by other authors (Noss 1987). 
Fire regimes trongly influence the number and size of 
patches that could be set aside in wood production ar- 
eas; nevertheless, other biological factors also may be 
important. Notably, when we ran computer simulations 
for periods greater than 150 years, we observed lower 
values for the incremental probability of extinction 
among reserve systems comprised of 6 (50 ha) and 4 (75 
ha) areas than for those comprised of 12 areas each of 
25 ha. These results would be related in part to the fact 
that all habitat patches were occupied when we com- 
menced our simulations. This is unlikely, however, par- 
ticularly in the Murrindindi Forest Block. Therefore, it is 
important o distinguish between the short- and long- 
term benefits of reserves of different sizes. This high- 
lights the value of using measures such as the incremen- 
tal probability of extinction. In addition, factors such as 
environmental variability and demographic stochastic- 
ity could influence small populations over a prolonged 
period. This also may have influenced the results of sim- 
ulations of 25-ha patches. 
The ability of G. leadbeateri  to move between habitat 
patches is expected to influence optimum reserve size 
significantly. The results of Scenario 2 indicate that 
when the movement of the species was constrained 
there was a concomitant increase in the size of patches 
within the reserve system in which the lowest probabili- 
ties of population extinction were recorded (Table 3). 
As in the other scenarios examined, however, the total 
size of any single reserve was limited by the need for 
several dispersed conservation areas to mitigate the ef- 
fects of wildfires on habitat loss (Table 3). 
The location of reserved areas and their spatial rela- 
tionships to existing habitat patches were found to be 
important factors. Extinction probabilities were higher 
when reserves were isolated from patches of suitable 
habitat (Figs. 7 & 8). These findings indicate that the spa- 
tial location of proposed reserves in timber production 
areas needs to be carefully considered so they are not 
isolated from patches of potentially suitable habitat. Re- 
serves should be positioned near existing stands of old- 
growth forest because (1) this would eventually result in 
an overall increase in the size of areas of old-growth, 
with potential associated benefits for metapopulation 
persistence, and (2) these places have escaped past fires 
and may do so again in the future. Other less fire-prone 
sites (such as sheltered and more-mesic south-facing 
slopes) also may be suitable places to locate reserves. 
Comparison of the Efficacy of Various Management Options 
The values presented in Table 4 allow a comparison be- 
tween the effects of a combination of management strat- 
egies. The results for the Steavenson Forest Block are de- 
scribed briefly to illustrate some of our key fmdings. 
Under the worst possible management option, with no 
reserves and salvage logging, the incremental probabil- 
ity of extinction was 58%. If salvage logging operations 
are prevented, the equivalent value is 39% for any given 
150-year period (Table 4). Hence, 33% ([58%-39%]/ 
58%) of the remaining population viability is gained by 
not performing salvage logging, which would be a major 
contribution to the persistence of the species. Further- 
more, if a reserve system is implemented and salvage 
logging is halted, then there is an increase ([58%- 18%]/ 
58% = 69%) in the persistence of G. leadbeateri  com- 
pared to its chances of extinction ff these conservation 
strategies were not adopted (Table 4). Thus, the results of 
these analyses indicate that the most effective combina- 
tion of approaches was to both set aside reserves for the 
species and protect hem from salvage logging (Table 4). 
Our data highlight he short- and long-term effective- 
ness of different management options. Adding a reserve 
system led to only a minimal reduction in the predicted 
probability of extinction in the Steavenson Forest Block 
after 150 years. Conversely, during the same time period 
the extinction probability was more than halved in re- 
sponse to the cessation of salvage logging operations 
(Table 4). Hence, the prevention of post-fire salvage har- 
vesting could make an important short- and long-term 
contribution to the persistence of populations of G. 
leadbeateri. But the value of not performing salvage log- 
ging is reduced if the species has poor dispersal capabili- 
ties, because this management option relies on animals 
eventually being able to recolonize patches after they 
have burned. The implementation of a reserve system 
will be a valuable long-term strategy with important con- 
servation benefits 150 or more years into the future 
when existing regrowth stands begin to mature. 
Limitations of the Study 
Possingham et al. (1992) and Possingham and Davies 
(1995) have described the various assumptions and limi- 
tations associated with the use of ALEX. Some of the 
more important are the following: 
(1) 
(2) 
We assumed that patches of old-growth and areas 
set aside from logging in the Murrindindi Forest 
Block were not disturbed uring the 150-year time 
projection. 
No effects of genetic factors uch as inbreeding de- 
pression were incorporated in the analyses. These 
have been modeled in other investigations that 
used a different software package for PVA and 
which indicated that losses of genetic variation 
may have a significant negative effect on small 
populations of G. leadbeateri  (Lindenmayer & 
Lacy 1995). 
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(3) 
(4) 
We assumed that the suitability of habitat in old- 
growth forests was consistent throughout the land- 
scape. We ignored factors such as steep topogra- 
phy that have a significant negative impact on the 
abundance of the species (Lindenmayer et al. 
1991b). 
Forest that occurs on steep and rocky terrain or in 
streamside reserves was assigned a low value for 
habitat suitability. This was based on the findings 
of field surveys of these types of forest. Thus, such 
areas facilitated the movement  of animals between 
patches of old-growth forest, but they had only 
l imited value in support ing resident and breeding 
individuals. These types of forest could become 
more important, however, as they approach eco- 
logical maturity. If this were to occur, it is possible 
that we may have overestimated the long-term ex- 
t inction probability of populations of G. leadbeateri .  
Given the various assumptions and limitations of our 
study, it is possible that we have underest imated the 
probabil ity of ext inct ion of metapopulat ions of G. lead- 
beater i .  This is not unusual  with PVA because many 
complex and interacting factors that may inf luence the 
dynamics of a populat ion cannot be incorporated in a 
computer  simulation program (Lindenmayer tal. 1993c). 
But although the absolute values for populat ion persis- 
tence may have been underestimated, an important out- 
come of the exhaustive sensitivity analyses completed as 
part of the study was that the relative merits of the dif- 
ferent forest management  options did not change. 
Hence, probably the most important outcome from the 
application of PVA is the ranking of various conservation 
strategies and the testing of the sensitivity of that rank- 
ing, rather than an accurate defmition of a min imum via- 
ble populat ion of a given taxon (Possingha_m et al, 
1993). This was implicit in our efforts to compare the 
Table 4. The incremental probabilities of extinction of G. 
leadbeateri for a 150-year period in response to post-fire salvage 
logging operations in the Steavenson and Murrindindi Forest Blocks, 
where a system of reserves was and was not implemented? 
Salvage logging 
Forest block Yes No 
Stevenson 
Areas reserved 
Murrindindi b 
Areas reserved 
No 58* 39 
Yes 34 18 
No 100 100 
Yes 32 24 
aThe fire regime employed was a 1% annual probability of fire, 
with 50% of patches burnt in a given conflagration. The reserve sys- 
tem used was six areas each of 50 ha. This was in addition to the 
patch structures comprised of existing stands of old-growth forest as 
well as other logging exclusions (such as steep and rocky areas). 
~A 150-year time projection was applie~L 
relative effects of the reservation and salvage logging 
strategies on the persistence of G. leadbeater i  (Table 4). 
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